ABSTRACT: The effect of toxicants on the BOD degradation rate constant was used to quantitatively establish the toxicity of triclosan, phenol, and copper (II) against activated sludge microorganisms. Toxicities were tested over the following ranges of concentrations: 0-450 mg/L for phenol, 0-2 mg/L for triclosan, and 0-35 mg/L for copper sulfate (pentahydrate). According to the EC 50 values, triclosan was the most toxic compound tested (EC 50 ¼ 1.82 6 0.1 mg/L), copper (II) had intermediate toxicity (EC 50 ¼ 18.3 6 0.37 mg/L), and phenol was the least toxic (EC 50 ¼ 270 6 0.26 mg/L). The presence of 0.2% DMSO had no toxic effect on the activated sludge. The toxicity evaluation method used was simple, reproducible, and directly relevant to activated sludge wastewater treatment processes. ' 2005 Wiley Periodicals, Inc. Environ Toxicol 20: 160-164, 2005 
INTRODUCTION
Toxicity is the potential of a substance to adversely affect live organisms. Microorganisms responsible for BOD (biochemical oxygen demand) breakdown in activated sludge wastewater treatment processes react to the presence of toxicants. Responses displayed include reduced rates of respiration, biomass generation, and BOD degradation. These effects of toxicants lead to failed discharge contents (Arretxe et al., 1997; Davies, 2002) . Because most of the world's wastewater is treated by the activated sludge process, assessing the toxicity of pollutants to activated sludge microorganisms is important (Ren and Frymier, 2002) . Toxicity data specific to activated sludge microorganisms is scarce. This work reports on the toxicity of three representative chemicals against a mixed culture of activated sludge microorganisms. Toxicity was assessed by directly observing the effects of toxicants on the BOD degradation activity of the cultures.
Many toxicity assays are available (Kapanen and Itavaara, 2001; Fernández-Alba et al., 2002a , 2002b , but few are directly relevant to activated sludge microorganisms. For example, the commonly used Microtox TM and Biotox TM assays are based on marine luminous bacteria (Kahru et al., 1996; Fernández-Alba et al., 2002a , 2002b Ren and Frymier, 2002) that are not representative of activated sludge microbes. The single-species Shk1 assay based on the Shk1 bioluminescent bacterium is insufficiently representative of waste-degrading mixed microbial populations, even though the Shk1 organism originated from a wastewater treatment plant (Ren and Frymier, 2002) .
Toxicity can be classified according to exposure time (acute or chronic), mode of effect (death, growth, reproduction), or effective response (lethal, sublethal) (Kapanen and Itavarra, 2001) . Commonly used measures of toxicity include LC 50 , EC 50 , IC 50 , and MIC. LC 50 (lethal concentration) is the concentration of a toxicant that kills 50% of a test population for a given exposure duration. EC 50 (effective concentration) is the concentration of a given compound that reduces the specified effect to half that of the original response. IC 50 (inhibitory concentration) is analogous to EC 50 , whereas MIC (minimum inhibitory concentration) is the lowest concentration of the toxicant needed to produce an inhibitory effect. LC 50 and EC 50 are measures of acute toxicity (Kapanen and Itavaara, 2001) . For the purpose of this work, EC 50 was defined as the concentration of a toxicant required to cause a 50% reduction in the BOD degradation rate constant, k, compared to the control (i.e., no toxicant added).
Although variants of the BOD method have been used for evaluating the toxicity of pollutants (Mowat, 1976; Busch, 1982; Ademoroti, 1988) , toxicity results were generally described in terms of the fractional reduction in BOD removal caused by the presence of the toxicant (Gray, 2004) in comparison with a control (i.e., no toxicant present). This approach considered only the final BOD values in estimating toxicity, not the rate of BOD degradation. In the present study we used a statistically robust approach that measured the effect of the toxicants on the BOD degradation rate constant in order to determine toxicity. This approach is comparable to the data evaluation methods used in other well-established toxicity assays such as the Microtox TM and Biotox TM assays. Three representative compounds were used to assess the ability of the BOD assay as a measure of toxicity. The compounds were phenol, a known problem toxicant (Allsop et al., 1993) in activated sludge plants; triclosan, a widely used antibacterial agent that is added to toothpastes, deodorant soaps, dishwashing detergents, and various other consumer and household products; and copper sulfate, an inorganic metal salt commonly used in various pesticides and other applications.
MATERIALS AND METHODS

Chemicals, Wastewater, and Mixed Culture
The following chemicals were used in the toxicity assessments: phenol (Ajax Chemicals, Auckland, New Zealand), copper (II) sulfate (CuSO 4 Á5H 2 O; Ajax Chemicals, Auckland, New Zealand), and triclosan [5-chloro-2(2,4-dichlorophenoxy)phenol or 2,4,4 0 -trichloro-2 0 -hydroxydiphenyl ether; courtesy of Colgate Palmolive, Petone, New Zealand; distributed by Chengdu GT Biochem Co., Ltd., Chengdu, China; the grade used met the USP24 standard].
Artificial wastewater was made by dissolving the following components in distilled water (1 L): 0.6 g of lactose (BDH, England), 0.78 g of skim milk powder, and 0.72 g of whole milk powder.
An acclimated mixed culture, or ''seed,'' originally sourced from a Massey University duck pond was the toxicity test system. The acclimatized culture was maintained in a 1-L (700-mL working volume) aerated bioreactor held at 258C. The culture was fed every 7 days after removal of the seed aliquot. The volume removed was replaced with an equal volume of the artificial wastewater, and any evaporative loss was made up with distilled water. The seed used in the tests was always harvested on the seventh day after feeding. Use of a highly consistent ''artificial'' or ''synthetic'' consortium of activated sludge microorganisms is a well-established practice in measuring the degradation kinetics of pollutants (Kwan, 1988) .
Biochemical Oxygen Demand (BOD) Assay
The toxic effects of the various compounds were evaluated individually using the 5-day BOD (BOD 5 ) assay. The wastewater was prepared fresh and diluted by mixing 800 mL of distilled water with 200 mL of wastewater. All experiments used the diluted wastewater. The toxicities were evaluated for the following ranges of concentrations: 0-450 mg/L for phenol, 0-2 mg/L for triclosan, and 0-35 mg/L for copper sulfate (pentahydrate). Depending on the required concentration, either the appropriate weight of toxicant was added directly to the final volume in each BOD bottle, or a small volume of an aqueous solution (in diluted wastewater) of the toxicant was added. For the sparingly soluble triclosan, a stock solution was made by first dissolving 2 mg of triclosan in 2 mL of dimethylsulfoxide (DMSO; Auckland, New Zealand) and then the volume was made up to 1 L with diluted wastewater. This solution was made immediately prior to use.
The equipment used for the BOD test was the six-bottle capacity Hach Manometric BODTrak apparatus (Hach Company, Loveland, CO, USA). Each set of experiments used 12 BOD bottles and two separate BODTrak units. Each bottle contained a total volume of 95 mL. Two bottles contained only the seed, and each of the remaining 10 bottles had 85.5 mL of diluted wastewater and 9.5 mL of seed (i.e., 10% seed by volume) and various concentrations of toxicants. Duplicate bottles were run for each concentration of toxicant. In addition, each experiment included duplicate control bottles (i.e., no added toxicant). For the triclosan experiment an additional control of wastewater and DMSO with no triclosan was run to observe the effect of DMSO on the culture. The BOD bottles were incubated at 208C (Contherm Digital Series 5 cooled incubator) for 6 days, and the data were recorded continuously over the duration of the run. All assays were recorded in the 0-700 mg/L BOD range. The nitrification reactions were suppressed by adding 0.16 g of a nitrification inhibitor (Hach Company, Loveland, CO, USA) to each BOD bottle.
The first-order degradation of BOD can be expressed as
where BOD r is the BOD remaining at time t and k is the degradation rate constant. If the total unknown initial BOD (or ultimate BOD) is BOD u , integrating Eq. (1) between the limits BOD r ¼ BOD u at t ¼ 0 and BOD r ¼ BOD r at t ¼ t, yields
The experimental measurements of BOD actually provide the value of BOD t , that is, the BOD consumed by time t and not BOD r . BOD r can be eliminated from Eq. (3) because, for a closed sample, BOD t , BOD u , and BOD r are related as follows:
From Eqs. (3) and (4), there is the following expression:
Eq. (5) and the measured BOD t versus t data can be used to calculate the rate constant k and, if necessary, the BOD u . The well-known least-squares method was used to estimate the k values from the measured data. A reduced data set with measurements taken at 0.4-day intervals was used in all calculations.
Duplicate bottles at each concentration and within each set of tests were used to evaluate the reproducibility and reliability of the assay technique. The variance in the seed culture was determined by the standard deviation in the seed rate constant, k (without added toxicants) and using data from six independent control experiments. The toxicity was expressed as EC 50 , or the concentration of the toxicant that caused a 50% reduction in the first-order BOD rate constant relative to the value in the absence of the toxicant. The EC 50 value was determined by plotting graphs of the rate constant (k) versus the concentration of toxicant added to BOD bottles. Representatives graphs are shown in Figure 1 . A linear regression line was plotted through the data. The regression equation was then used to calculate the concentration of toxicant that corresponded to a k value that was 50% of the control value (i.e., no toxicant present). The 95% confidence limits of the mean values were calculated using the equation
Confidence limits
where t is the Student's t value at T 0.05 (n À 1) and n is the number of measurements.
RESULTS AND DISCUSSION
The EC 50 values measured by the BOD method are shown in Table I , column 2, for the three toxicants. For comparison, Table I also shows the representative EC 50 values from the literature for the same toxicants measured with a variety of other assay systems. Based on the BOD EC 50 values, triclosan was the most toxic of the three compounds tested and phenol the least toxic. The literature toxicity data were generally consistent with this trend, except that the toxicity of copper sulfate varied a great deal depending on the measurement system used. The Microtox TM and Biotox bioluminescent bacteria were much more sensitive to phenol than was the activated sludge mixed culture. In contrast, the Shk1 bacterium, originally isolated from a wastewater treatment plant, was substantially less sensitive to phenol than was the mixed activated sludge. Compared to almost all the other vertebrate and invertebrate test systems (Table I) , the activated sludge microorganisms could withstand concentration of triclosan that was 5-to 1800-fold greater even though triclosan was highly toxic to these microorganisms. In view of the reported EC 50 values of around 0.001 mg/L, algae appear to be among the most sensitive test systems for triclosan.
Because triclosan was dissolved in 0.2% DMSO, it can be argued that the observed toxicity was partly associated with the solvent. Control experiments with 0.2% DMSO (no triclosan present) and with only the wastewater showed that DMSO had absolutely no toxicity at the concentration used. Thus, at 0.582 6 0.024 d À1 , the BOD k value for the DMSO control was statistically identical to a k value of 0.6256 6 0.0421 d À1 determined for the wastewater controls. Similar results for DMSO were previously reported (Hernando et al., 2003) .
The activated sludge culture was significantly more sensitive to copper (EC 50 ¼ 18.3 mg/L) compared to the other bacteria (Table I) , for which the EC 50 values ranged from 50 to 450 mg/L (Hassen et al., 1998) . Copper (II) can complex with components present in the test media (Hassen et al., 1998) , and this effect can reduce the apparent toxicity, leading to the observation of elevated EC 50 values. Some of the wide variation in the reported EC 50 values for copper sulfate is explained by this effect.
The extremely high consistency of the different batches of seeds and wastewater was shown by a highly reproducible k value of 0.6256 6 0.0421 d À1 for the controls. This average and the standard deviation were based on six independent measurements. The standard deviation was calculated as for a sample (i.e., n À 1).
CONCLUSIONS
The effect of toxicants on the BOD degradation rate constant was used to quantitatively establish the toxicity of triclosan, phenol, and copper (II) against activated sludge microorganisms. On the basis of the EC 50 values, triclosan was the most toxic compound tested (EC 50 ¼ 1.82 6 0.1 mg/L), copper (II) had intermediate toxicity (EC 50 ¼ 18.3 6 0.37 mg/L), and phenol was the least toxic (EC 50 ¼ 270 6 0.26 mg/L). The presence of 0.2% DMSO had no toxic effect on the activated sludge. The toxicity evaluation method used was simple, reproducible, and directly relevant to activated sludge wastewater treatment processes. The method did take 5 days to provide results, but this need not be a drawback if the toxicities are determined a priori using this method.
